Abstract-This paper describes a multifunctional microwave device that can be reconfigured to behave either as a filter or an antenna. The device is based around a single-resonant element, referred to as a building block element that is connected to four ports. The resonant element is a microstrip square patch working in the 2.45 GHz unlicensed Industrial Scientific and Medical band used for IEEE 802.11 WiFi. The proposed building block is simple in its design and construction. This paper also presents devices composed of three building blocks, which can realize more complex filtering and antenna mode performance. In addition, p-i-n diodes have also been incorporated into the devices in order to facilitate electronic control. Measured results, pertaining to fabricated prototypes, show that filter and antenna operation can be achieved in the same device at a frequency of around 2.45 GHz with acceptable insertion loss and efficiency. In the future, it is anticipated that this could lead to a new paradigm, namely, a device that is analogous to a field programmable gate array operating in the microwave frequency regime.
programmable gate array (FPGA), and as such, it will be referred to as a building block element (BBE). An FPGA contains numerous CLBs which can be connected together, via programmable interconnect, in order to realize more complex circuit functions. Likewise, several instances of the BBE, proposed here, could be interconnected to obtain more complex microwave circuit functions. In this paper, we demonstrate, for the first time, a passive RF/microwave device based around three BBEs. We show that the device can support multipole filter operation and also behave as an antenna. In the future, it is anticipated that this could lead to a new paradigm, namely, a device that is analogous to an FPGA operating in the microwave frequency regime.
II. BACKGROUND LITERATURE REVIEW
In recent years, a great effort has been devoted to the design of agile filters with tunable central frequencies [1] - [5] or bandwidth [6] - [11] , as well as filters with the ability to switch their operating mode, e.g., between bandpass and bandstop [12] - [14] . There is also a considerable body of work on versatile antennas with tunable working frequency [15] - [19] , radiation pattern shape [20] - [22] , and polarization [23] - [25] . It is worth mentioning that all of the aforementioned designs afford only a single-circuit function (i.e., filter only or antenna only). There is, therefore, a need for a new class of RF/microwave multifunctional devices that extend the advantages of tunable devices. Some devices of this nature have been demonstrated either using active or passive components [26] - [34] . At this point, it is worth noting that a variety of different terminology is used in reference to this type of device, including: programmable microwave function array, reconfigurable microwave components, programmable and tunable circuits, adaptable RF systems, multifunctional RF systems, and multifunctional microwave circuits. There is relative lack of work on multifunctional microwave devices based on passive components, although the work conducted to date demonstrates an extensive range of potential applications and benefits compared to conventional devices. For example, a multifunctional microwave device could: update its function in response to changes in operational requirements, reconfigure its operation in order to anticipate changes in user demand, yield improved environmental sustainability, and reduce the cost, size, and time associated with the hardware development cycle.
In this paper, we have chosen to focus our efforts in the area of passive microwave circuits, building on our earlier work [35] - [38] . Specifically, our objective was to reuse the same volume of space within a circuit to achieve two different functions, namely, antenna and filter operation. The main advantages of the proposed BBE, compared to previous work, is the simplicity of the design along with the ability to electronically control the operating mode.
This paper is organized as follows. Section III describes the concept and design procedure for the BBE. It also analyses the effect of the choice of substrate permittivity on the performance of the device and presents a device incorporating three BBEs. Section IV discusses simulation and measurement results pertaining to a range of designs, incorporating one and three BBEs. Section V outlines the conclusion of this paper.
III. CONCEPT AND DESIGN

A. Building Block Element
This section describes the concept behind the design of the BBE. It also details the geometry and dimensions employed. The primary objective, in designing the BBE, was to conceive of a structure of the device that would allow a single resonator to service two different circuit functions (namely, filtering and radiation); thus, yielding space saving advantages. A secondary objective was to find the simplest possible solution. Two main approaches were available: 1) excite two independent (isolated) characteristic basis modes within the resonator. Each mode would be excited via a different feed excitation. One mode would be used for the filter operation while the other would be used for antenna operation [35] , [36] and 2) excite a pair of coupled characteristic basis modes within the resonator and use switches to vary the mode that is excited at any one instance of time. We chose to adopt the latter approach in this paper. Fig. 1 illustrates the structure of the BBE along with the associated dimensions. The substrate material was Rogers 4003, having a relative permittivity of 3.55 and a thickness of 1.524 mm. This material was used in the fabrication of all of the prototype designs presented in this paper.
The BBE is based around a square microstrip patch resonator. The resonator is surrounded by four microstrip feedlines that have been designed to exhibit a characteristic impedance of 50 . Electromagnetic energy is coupled from the microstrip lines into the square patch through a narrow gap, denoted as G (see inset in Fig. 1) . A single microwave switch (indicated by the gray block in Fig. 1 ) is placed within each of the microstrip feedlines. By altering the state of the four switches, within the device, it is possible to reconfigure between filter and antenna operation (see Table I ).
The BBE supports two filter modes and two antenna modes, as indicated in Table I . Modes 1 and 2 afford filter operation between ports 1 and 3, or 2 and 4, respectively. Modes 3 and 4 offer antenna operation on each of the four ports. Different antenna modes yield different states of linear polarization (i.e., vertical or horizontal). For the purpose of this proofof-concept design, the filter and antenna modes of operation are configured to suit a real application, namely, WiFi devices, operating within unlicensed Industrial Scientific and Medical band at a frequency of 2.45 GHz. During the initial stages of the research, the design for the BBE was validated using hardwired switches. According to this approach, an ON-state switch is represented by copper metallization, while an OFF-state switch is represented by the absence of copper metallization (i.e., a gap).
B. Design Rules
This section presents information that can be used to redesign the BBE, e.g., for operation at a different frequency. The process is simple due to the simplicity of the BBE. The design procedure can be summarized as follows.
1) Select the working frequency of the BBE. The length and width of the microstrip patch is then fixed to
2) The width (W ) of the microstrip feedlines are set to ensure that they exhibit an impedance of 50 .
3) The dimension of the gap into which the switches are placed should be wide enough to provide an isolation, in the OFF-state, of at least −25 dB. 4) Finally, the dimensions G and F are selected by means of parametric analysis to achieve strong coupling and good matching between the microstrip line and the square patch, in both filter and antenna modes.
C. Choice of Substrate Parameters
In the BBE, shown in Fig. 1 , a single resonator is employed to achieve filter and antenna mode operation, as mentioned earlier. The switches effectively repurpose the resonator so that it can be used for different circuit functions. However, the requirements of an antenna are quite different to those of a filter. In a planar microstrip filter, the electric field should be mainly confined within the substrate material and very little electromagnetic energy should be radiated from the device. For an antenna, on the other hand, the electric field will be less confined within the substrate material and the majority of the energy supplied to the device should emerge in the form of radiated electromagnetic waves. For this reason, it was anticipated that there might be an engineering tradeoff to be made when selecting the parameters of the substrate material. To investigate this, the effect of the substrate height and permittivity was analyzed against important performance criteria (namely, the total efficiency of the antenna and the insertion loss within the passband of the filter). Figs. 2 and 3 show the results.
For convenience, Tables II and III give the numerical values, used to plot Figs. 2 and 3 . We can make a number Fig. 2 and Table II . For the antenna mode of operation, the total efficiency attains a maximum value for low values of substrate permittivity and it reduces, from around 90%, as the permittivity is increased. This finding concurs with text book theory [40] . For the filter mode of operation, the insertion loss reduces asymptotically from 3 dB as the substrate permittivity is increased. The explanation for this is that when the substrate permittivity is high the electric field is predominantly confined within the substrate. This leads to increased levels of stored energy and reduced radiation which is conducive with achieving good filter performance. Contrariwise, when the substrate permittivity is low the electric field is more equally distributed between the air region, beneath the microstrip patch, and the air region above the patch. This reduces the level of stored energy and leads to greater radiation, as is desirable for an antenna. Fig. 3 shows an antenna total efficiency along with filter insertion loss as a function of the substrate height. From  Fig. 3 , we see that increasing the substrate height leads to an asymptotic improvement of the antenna total efficiency and a reduction of the filter insertion loss. The optimum substrate thickness is around 1.5 mm, which yields an antenna total efficiency of 84% and a filter insertion loss of 2.5 dB. Further increasing, the substrate height has limited effect due to the asymptotic relationship, mentioned earlier. For our proof-ofconcept design, we decided to target a filter insertion loss of around 2.5 dB and an antenna efficiency of between 75% and 80%. Consequently, a substrate material with permittivity of 3.55 and a height of 1.524 mm was selected.
One can thus conclude that the device performance can be modified by altering the substrate parameters. For instance, substrates with high permittivity and low or moderate thickness are the most appropriate for filter applications, whereas substrates with low permittivity and high thickness are most optimal for antenna applications. In this way, single function devices can be optimized for filter or antenna operation and will thus present good insertion or return losses, respectively. The requirements of an antenna are almost opposite to those of a filter in that the former should ideally radiate strongly while the latter should ideally not radiate at all. The creation of a multifunctional device thus implies a compromise (or tradeoff) between the filter and antenna performance that degrades both the insertion loss for the filter mode and the return loss/efficiency for the antenna mode in exchange for having the flexibility to repurpose the hardware to perform either function. 
D. Device Comprising Three BBEs
This section presents the design of a three-pole filter based around the BBE, presented in Section A. The filter has been designed using the well-known insertion loss method [39] . The substrate material was Rogers 4003, having a relative permittivity of 3.55 and a thickness of 1.524 mm. The specifications of the filter are as follows:
1) filter characteristic: Chebyshev; 2) fractional bandwidth: 8.16 %; 3) center frequency: 2.45 GHz; 4) passband ripple: 0.1 dB. The lumped circuit elements, within the low-pass prototype, were impedance and frequency scaled, according to the standard approach [39] . Next, a low-pass to bandpass transformation is applied [39] . To enable filter implementation in microstrip technology, the shunt-connected parallel resonators were realized using microstrip patches. An admittance inverter can be represented using a π-network of three lumped capacitors. The same π-network can be used to model the behavior of a gap between two microstrip transmission lines. Consequently, we can replace the admittance inverter with a capacitive gap between the microstrip patch resonators. In order to establish the necessary equivalence, the size of each capacitive gap was varied iteratively until its scatteringparameters agreed with those for of the admittance inverter that we wished to realize. Fig. 4 illustrates the final geometry of the device incorporating three BBEs.
The device is symmetrical and incorporates three different designs of capacitive coupling gap. A meandered gap was employed in those cases where a high coupling coefficient is required. Two different designs of meandered gap were used within the device shown in Fig. 4 . One of the meandered gap designs incorporates 34 meanders and has a gap width of G M1 = 0.085 mm. The other meandered gap design incorporates 32 meanders and has a gap width of G M2 = 0.15 mm, see the inset of Fig. 2 . The device can operate in five different modes (see Table IV ). Mode 1 provides bandpass filter operation between ports 1 and 5. In modes 2-5, the device behaves as a linearly polarized antenna having either horizontal or vertical polarization. Modes 2 and 5 yield a beam at boresight while modes 3 and 4 yield tilted beams. 
IV. SIMULATED AND MEASURED RESULTS
This section presents results that validate the performance of the proposed BBE. All of the full-wave electromagnetic simulation results, presented in this paper, were obtained using the frequency domain solver in CST Microwave Studio 2015. SMA connectors, substrate, and metal losses were considered in all of the simulations. Where p-i-n diodes are employed, they have been modeled using lumped element equivalent circuits, obtained from the manufacturers' webpage. All of the experimental results, presented in this section, were obtained using either an Anritsu MS4642A or a Rohde and Schwarz ZVA67 vector network analyzer, calibrated using the throughopen-short method. Fig. 5 shows hardware prototypes of the single BBE, shown in Fig. 1 . These prototype devices incorporate hard-wired switches.
A. Single Hard-Wired BBE
The device shown in Fig. 5(a) is configured to operate in the filter mode. In this prototype device, filter mode performance is obtained by bridging all four switch gaps with a copper conductor. In this way, it is possible to obtain filter mode performance simultaneously between ports 1 and 3 as well as ports 2 and 4. The second device, shown in Fig. 5(b) , is configured to operate in the antenna mode with vertical polarization. Fig. 6 shows scattering parameters, obtained through simulation and measurement, for these devices. An excellent level of agreement can be observed between the simulation and measurement results. When configured for operation in the filter mode, the device operates at a frequency of 2.41 GHz. The measured return and insertion loss values are 12.3 and 2.8 dB, respectively. The filter has a measured 10 dB return loss bandwidth of 1.6% (i.e., 38 MHz). When configured for operation in the antenna mode, the device operates at a frequency of 2.42 GHz. The measured return loss, at the resonant frequency, is 34.2 dB.
According to the simulations, the antenna exhibits a total efficiency of 83.1% and its peak gain is 5.23 dBi. It is undesirable for the BBE to radiate when operating in the filter mode. To assess this, radiation patterns for the filter mode were obtained through measurement. The H-plane gain, in the filter mode, is approximately 1.6 dB lower than that in the antenna mode. While the E-plane gain, in the filter mode, is approximately 2.5 dB lower than that in the antenna mode. This indicates a reasonable discrimination between filter and antenna mode operation. Although the realized gain for the filter mode is always a positive value, it is important to note that the peak gain associated with the filter mode is always lower than that associated with the antenna mode, as noted above. So, one might reasonably ask, what prevents us from being able to enhance the difference in realized gain between filter and antenna mode operation. Let us now explore this question further; considering, for clarify, filter mode operation between ports 1 and 3 and antenna mode operation on port 1. The BBE, reported in this paper, is based around a square patch resonator. The method of excitation associated with the filter and antenna modes are essentially identical. Given these facts, the characteristic basis modes associated with filter operation between ports 1 and 3, and antenna operation on port 1 are essentially identical (see Fig. 7 ). The only difference between the two modes of device operation is that the filter is a two-port device, whereas the antenna is a one-port device. Hence, due to a conservation of energy argument, improving the S 21 for the filter mode has the desirable effect of "sucking" energy out of the device and thus reducing the level of radiation from the device. Increased radiation within the filter mode of operation is undesirable because it degrades the filter insertion loss. But it is a result of having better conditions for radiation which will lead to improved efficiency in the antenna mode. Thus, we see that there is a need to compromise between the insertion loss associated with filter operation and the return loss/efficiency associated with antenna performance, as mentioned before. For this reason, in a multifunctional device, it is not possible to further enhance the difference between the realized gain for the filter and antenna modes of operation without loss of performance in both modes.
In both filter and antenna modes of operation, it is undesirable for energy to be transferred to unused ports of the device. The maximum level of such undesirable energy transfer, measured between adjacent ports was −24.2 dB for filter operation and −27.6 dB for antenna operation, respectively.
For the antenna mode of operation, the radiation patterns in the E-and H-planes are shown in Fig. 8 . The radiation patterns are typical of those associated with a microstrip patch antenna. This indicates that the device performs in a predictable manner. The cross-polar radiation patterns have much smaller peak amplitudes than the co-polar patterns (more than 17.5 dB lower). This gives some indication of the level of isolation between the orthogonal characteristic basis modes that provide filter mode operation between ports 1 and 3 and antenna mode operation on port 2.
B. Single-Switched BBE
A hardware prototype of the single BBE, incorporating four p-i-n diode switches was fabricated (see Fig. 9 ). By altering the switch states, it is possible to reconfigure the operation of the device between the antennas and filter modes. Each switch is voltage controlled. For this application, a p-i-n diode from Infineon (BAR50-02V) was employed. This p-i-n diode is cheap and readily available. Fig. 10 shows the lumped element equivalent circuits for the p-i-n diode in the ON and OFF states. These equivalent circuits were used within the computer simulations. A biasing circuit was designed and fabricated. The circuit incorporates eight dc blocking inductors manufactured by coilcraft (part number: 0402HP-20N). This inductor has a nominal inductance of 20 nH but its inductance at 2.4 GHz is approximately 27 nH [41] . In addition, an 83 resistor was used, in conjunction with the 9 V battery, to limit the current flowing through the p-i-n diode to 100 mA. This prevents damage to the p-i-n diode and ensures low-switch insertion loss in the ON-state. Fig. 11 presents the simulated and measured scattering parameters for the single BBE shown in Fig. 9 . When the BBE is operated within the filter mode, a bandpass response at 2.43 GHz is obtained. The filter has a measured −3 dB transmission bandwidth of 1.76% (i.e., 42.8 MHz). When the single BBE is operated within the antenna mode, it has a resonant frequency of 2.41 GHz and a return loss of around 20 dB. At frequencies around the operating point, the isolation between ports 1-3 is better than −20 and −30 dB, for the filter and antenna modes, respectively. In general, there is a good agreement between the simulation and measurement results. The differences can be attributed to the fabrication tolerance as well as the use of ideal dc biasing components (without parasitics) within the simulations.
The performance of the switched single BBE, shown in Fig. 9 , is similar to that of the hard-wired prototype, shown in Fig. 5 . However, losses introduced by the p-i-n diode switches have the effect of degrading the performance. The total efficiency of the switched BBE in antenna mode is 76.3%. While, in the filter mode, the insertion loss is −3.38 dB. The performance of the hard-wired and the switched prototypes is summarized in Table V , allowing easy comparison.
The radiation patterns pertaining to the antenna mode of operation are shown in Fig. 12 . These patterns are almost identical to those shown, in Fig. 8 for the hard-wired single BBE, in Section III-A. The switched BBE exhibits a realized gain of 4.49 dBi. This is 0.74 dB lower than that associated with the hard-wired BBE.
C. Device Incorporating Three Hard-Wired BBEs
This section pertains to a device incorporating three BBEs. Three hardware prototypes were fabricated (see Fig. 13 ). These devices are nominally identical but incorporate different hard-wired switch configurations. The three designs are denoted as designs 1-3. Please refer to Fig. 4 for a definition of the port numbers, used here. Design 1 operates in the filter mode between ports 1 and 5. In Designs 2 and 3, the device works in the antenna mode, on ports 3 and 2, respectively. Designs 2 and 3 exhibit different radiation pattern shapes, to be specific the main beam direction is altered. Fig. 14 shows simulated and measured scattering parameters pertaining to the aforementioned filter and antenna operating modes. A good level of agreement is observed between simulation and measurement. For a three-pole filter, one would expect to observe three return loss zeros. Fig. 14(a) shows the scattering-parameters associated with the filter mode of operation between ports 1 and 5. Two of the three zeros are visible in Fig. 14 . The third zero is not visible because of the close proximity of two pole locations. This is caused due to the shift of the first return loss zero toward the second one as a consequence of very small changes in some of the dimensions of the structure. Those dimensional changes can be attributed to fabrication errors and tolerances. According to the measured results for the filter mode response, the deepest return loss zero occurs at a frequency of 2.44 GHz. The measured 10 dB return loss bandwidth is 6.8% (i.e., 167 MHz). The minimum value of filter insertion loss is 4.58 dB and corresponds to the second return loss zero which is located at a frequency of 2.53 GHz.
For the reason mentioned in connection with the filter mode, we would also expect to observe three return loss zeros in the response for the antenna mode. Fig. 14(b) and (c) shows scattering parameters pertaining to the antenna modes of operation. For both designs 2 and 3, the main resonance, at around 2.45 GHz, can be attributed to the driven element, i.e., the patch that is directly fed by the microstrip line, while the other resonances are associated with the parasitic parches. For design 2, two measured return loss zeros are visible. The remaining return loss zero is suppressed due to poor impedance matching. Specifically, the real part of the input impedance is much larger than Z 0 (i.e., 50 ) at resonance. There are also two measured deep zeros in the return loss curve for design 3. In all cases, the real part of the input impedance is close to Z 0. The transitions in the imaginary part of the input impedance, in the vicinity of the two deep return zeros, indicate that there are in fact three resonances in this area. However, two of those resonances are very close together and so lead to only one unique return loss zero. For the antenna mode, the deepest measured return loss zeros are observed at frequencies of 2.41 and 2.44 GHz for designs 2 and 3, respectively. The measured return loss values at these frequencies are 11.9 and 20.4 dB, respectively. Moreover, the total efficiency is 81.1% and 76.9% for the aforementioned antenna modes. In the antenna mode of operation, it is undesirable for energy to be transferred from port 3 (in Design 2) or port 2 (in Design 3) to any of the unused ports. According to the measurement results, the peak level of energy transfer, between those ports, under antenna mode operation is always less than −25 dB. For the filter mode of operation, the peak level of unintended energy transfer is less than −35 dB.
In addition, the measured radiation patters for design 2 in the E-and H-planes have been obtained (see Fig. 15 ). In design 2, port 3 feeds the central patch of the device. This yields a main lobe directed toward boresight (i.e., 0°). For design 2, the simulated H-plane realized gain was 7.86 dBi. The realized gain in the E-plane is identical to that in the H-plane. However, the 3 dB beamwidths differ. The radiation pattern is narrower in the H-plane than that in the E-plane. The reason for this is that the patches, on either side of the driven element, act as parasitics, in a manner analogous to a Yagi-Uda antenna. This has the effect of increasing the aperture area and hence gains. The E-and H-planes 3 dB beamwidths were 88.1°and 51.4°, respectively. It is undesirable for the device to radiate when operating in the filter mode. In order to assess this, radiation patterns, for the filter mode, were obtained through measurement. The E-and H-plane gains for design 1 (filter mode) are approximately 10.18 and 2.88 dB lower than those associated with design 2 (antenna mode). The E-and H-plane gains for design 1 (filter mode) are approximately 5.46 and 1.72 dB lower than those associated with design 3 (antenna mode). These results indicate good discrimination between filter and antenna modes of operation. It is also clear that the discrimination of the three BBE devices is improved significantly compared with that of the one BBE device. Fig. 16 shows the radiation patterns for design 3. There is good agreement between the pattern shapes obtained through simulation and measurement. For design 3, the H-plane realized gain was 7.49 dBi. The realized gain in the E-plane is identical to that in the H-plane. However, the 3 dB beamwidths differ. The radiation pattern is narrower in the H-plane than that in the E-plane, for the reason explained earlier. The measured main lobe direction is 35°. A second lobe appears in the H-plane at −42°. The E-plane main lobe gain for design 3 is −2.63 dBi. For the reason explained above the radiation pattern is once again narrower in the H-plane than that in the E-plane. The E-plane pattern is approximately orientated toward the boresight direction, as expected. In all cases, the cross-polar radiation pattern has a much smaller peak amplitude than that of the co-polar radiation pattern (more than 22 dB lower).
In summary, the device is able to provide filtering action between various different combinations of ports. Altering the choice of input and output ports has the effect of varying the 10 dB return loss bandwidth of the filter. For example, between ports 1 and 5 we obtain a wider bandwidth and higher selectivity than between ports 3 and 7 (or 2 and 8 or 4 and 6), namely, 6.1% and 1.76%, respectively.
In antenna mode operation, the wave polarization and aperture area can also be varied depending on the selection of feeding ports. If port 3 is fed, the 3 dB beamwidth is approximately 90°. If ports 2, 4, 6, or 8 are fed, the 3-dB beamwidth is approximately 50°.
D. Device Incorporating Three-Switched BBEs
This section presents a device incorporating three BBEs and p-i-n diode switches. The device is referred to as design 4. The switches are inserted into the transmission lines associated with ports 1, 2, and 5 (i.e., switches 1, 2, and 5) to enable evaluation of the filter and antenna modes. Fig. 17 shows the fabricated prototype (design 4). The filter mode is obtained between ports 1 and 5 with switches 1 and 5 in the ON-state. The antenna mode is obtained on port 2 with switch 2 in the ON-state. Fig. 18 shows the scattering parameters for design 4 in the filter and antenna modes, respectively. There is reasonable agreement between simulation and measurement. Also, the results are similar to those for the hard-wired design (i.e., designs 1 and 3). Once again, one would expect to observe three return loss zeros in both the filter and antenna mode response. Two of those return loss zeros are clearly visible, the third is not visible due to the reasons explained in Section IV-C.
The transmission response from port 1 to 5 for the filter mode in design 4 is similar to that for design 1 indicating that the insertion losses within the p-i-n diodes are very low. More specifically, minimum insertion loss is 4.8 dB. There is a small observable shift in the resonant frequency of the antenna mode, between measurement and simulation. Finally, Fig. 19 shows the radiation patterns associated with the antenna mode of operation. The E-plane pattern is orientated toward the boresight direction, as expected. The H-plane pattern is tilted toward an angle of approximately 30°. The beamwidth is also narrower in the H-plane, for the reasons explained earlier. For the antenna mode, the simulated H-plane realized gain was 4.9 dBi. The realized gain in the E-plane is identical to that in the H-plane. However, the 3 dB beamwidths differ. Efficiency was found to be around 60%.
It is undesirable for the switched three BBE devices to radiate when operating in the filter mode. To assess, this radiation patterns for the filter mode were obtained through measurement. The H-plane gain, in the filter mode, is approximately 8.84 dB lower than that associated with the antenna mode, on port 2. The E-plane gain, in the filter mode, is approximately 7.91 dB lower than that associated with the antenna mode, on port 2. This indicates good discrimination between filter and antenna mode operation. It is also clear that the discrimination of the three BBE devices is improved significantly compared with that of the one BBE device. It is worthwhile mentioning that the filter and antenna modes can be activated simultaneously or independently. Future work could be carried out in this exciting new area. For example, the characteristics and control of device operation mode, bandwidth, selectivity, polarization, and radiating area could be improved and extended to yield new programmable multifunctional microwave devices with higher numbers of building blocks. Moreover, new properties could be added, e.g., frequency of operation could be modified including new building blocks with differing sizes.
V. CONCLUSION
This paper presents a BBE for a multifunctional microwave circuit. The device/circuit can be electronically reconfigured to operate either as a filter or an antenna. The BBE is based around a single-square microstrip patch resonator. Reconfiguration is achieved by varying the state of microwave switches, located within the feed lines. A parametric study was conducted in order to examine the effect of the substrate parameters on the performance of the device/circuit within the antenna and filter mode of operation. A hardware prototype for the BBE was constructed. The prototype incorporates hard-wired switches. Measured results show that the devices exhibit good performance in terms of insertion loss and efficiency in both the filter and antenna mode of operation. In addition, a number of hardware prototypes for devices comprising three BBEs were also designed and fabricated. Some of those incorporated hard-wired switches and others incorporated p-i-n diodes. The results indicate that the device is capable of yielding good performance within both filter and antenna mode. The use of programmable multifunctional microwave devices offers a new paradigm for real-time reconfigurable systems and can be envisioned to have a wide range of applications.
